The strain energies in straight and bent single-wall carbon nanotubules (SWNTs) are calculated by taking account of the total energy of all the occupied band electrons. The obtained results are in good agreement with previous theoretical studies of different approaches and experimental observations. We calculate the Young's moduli and wall thickness of SWNT from the bending strain energy for the first time. The obtained results reveal that the continuum elasticity theory may not be directly applicable to SWNT, although it serves well to describe the elasticity of multi-wall carbon nanotubules.
Generally, the total energy of carbon system is given by the sum [18, 19] :
where E el is the sum of energy band electrons for the occupied states, E rep is given by a repulsive pair potential only depending on the distance between two carbon atoms. They are given by
Since φ(r) is a short range potential [18] , the non-neighbor interaction can be ignored. The bond length of SWNTs is slightly larger than d 0 because of the relaxation effect [3] [4] [5] , which increases as the radius ρ of SWNT decreases [8] , where d 0 is the bond length of carbon atoms in graphenes (1.42Å). However, even in C 60 whose radius is smaller than those of tubes, calculations showed the energy contribution of the bond-relaxation effect can be ignored [11] .
Overlooking the non-neighbor effects, we suppose the E rep is nearly the same in SWNTs as that in graphenes. Therefore, the strain energy of SWNTs is mainly from the change of the occupied bands electronic energy while rolling to SWNTs from graphite sheets. The assumption is consistent with the general fact that elasticity is essentially determined by the electronic properties.
To calculate the electronic energy bands of tubes, we use a simple nearest-neighbor tightbinding (TB) model. The model contains nine TB parameters of graphenes: four hopping integrations, V ssσ = −6.679, V spσ = −5.580, V ppσ = 5.037, V ppπ = −3.033 (unit is eV ); four overlap integrations, S ssσ = 0.212, S spσ = 0.102, S ppσ = −0.146, S ppπ = 0.129 and ∆E=(E 2s − E 2p ) = −8.868eV [4] , where E 2s and E 2p are the energy levels of the 2s and 2p orbits of carbon atoms, respectively. The model has been widely used to calculate the electronic properties of both graphenes and SWNTs.
Following the notation of White et al [5] , each SWNT is indexed by a pair of integers (n 1 , n 2 ) corresponding to a lattice vector R=n 1 r 1 + n 2 r 2 on the graphene, where r 1 , r 2 are the unit cell vectors of the graphene. The tube structure is obtained by two operations which are a rotational operation C N and a screw operation S(h, α). The operation S(h, α)
is a rotation of α about the axis of SWNT in conjunction with a translation of h units along the axis, while the operation C N is a rotation of 2π N about the axis. Here N is the largest common factor of n 1 and n 2 , α = 2π( r 2 · r 1 )/(| r 1 | 2 N), h = | r 2 × r 1 |/| r 1 |. Then we can let [m, l] denote a primitive unit cell in the tube generated by first mapping the [0, 0] cell to the surface of the cylinder and then translating and rotating this cell by l applications of the rotational operator C N followed by m applications of S(h, α). Because S(h, α) and C N commute with each other, we can generalized Bloch sums, and obtain the Hamiltonian matrix,
where A and B are two independent carbon atom in a primitive unit cell of SWNT, n = 0, 1, . . . , N − 1 are N sub-Brillouin Zones, and k is one-dimension wave vector, E i is E 2s or E 2p , [∆m(r), ∆l(r)](r = 1, 2, 3) are the cell indexes of the unit cells which located by the three nearest-neighbor B atoms of A atom. Considering that the 2p wave function is a vector and 2s wave function is a scale, we can easily obtain that,
whereû r (r = 1, 2, 3) are the unit vectors from the A atom to the three neighbor B atoms.
e A i andê B j (r) are the unit vectors of the 2p i wave function of A atom and 2p j wave function of B. The overlap integration matrix S(k, n) has the same formula as the Hamiltonian matrix, which use the four overlap integration parameters to replace the four hopping integration parameters, and use unit one to replace the energy of 2s and 2p wave function E 2s and E 2p . We thus obtain an 8 × 8 Hamiltonian matrix H(k, n) and an overlap matrix S(k, n). By solving the secular equation
, we can calculate the electronic energy bands E i of SWNTs.
Using local density approximation (LDA), Blase et al. [20] found strongly modified lowlying conductant band states in small radius SWNTs, and there is a negative gap in the (6,0) tube. Fig. 1 shows our results about the energy bands of some small SWNTs using the TB approximation. We do not find the negative gap in the (6,0) SWNT as the prediction using TB approximation by Blase [20] , but we find the effect in smaller SWNTs. In both (4,0) and (5,0) tubes, the gap is reduced. Furthermore, the energy gap of the (3,0) tube is negative and therefore shows metallicity. The lowered conductant band is the singly degenerate state ( n = 0 subbands) which is the same as the prediction of the LDA calculation [20] .
By taking account of the total energy of all the occupied band electrons in SWNTs relative to that in the graphenes, we have calculated the strain energy of the straight SWNTs E s . Fig. 2 shows that E s is only dependent on the radius ρ of the tubes. but it is larger than the result 1.57 in Ref. [13] .
The curved SWNTs and torus-like SWNTs have been found in experiment [21] . Although some pentagon-heptagon structure has been predicted [11] in these curved SWNT, the hexagonal structure of straight tube is not change while only slightly bending the tube [6, 13, 22] . We suppose that the sp 2 bonds in curved tubes are still the same as those in graphenes, and the bond-length is nearly not change. Therefore, we still think that the strain energy of the curved SWNT is from the energy of all the occupied band electrons.
A curved SWNT surface can be described by [13] Y (s, φ) = r(s) if n 1 − n 2 is not a multiple of 3N, and Num = 2(n 1 2 + n 2 2 + n 1 n 2 )/(3N 2 ), if n 1 − n 2 is a multiple of 3N [23] . There, we only calculate the SWNT with bending curvature radius is a constant, R. There are not specially difficulties in calculation to the general curved SWNTs [13] . Similarly to straight SWNT, it is easy to obtain the Hamiltonian matrix and overlap integral matrix which are both (8 · Num · N) × (8 · Num · N) matrixes. [13] . A least squares fit to the data yields a value of λ = 3.0eVÅ 2 /atom.
We find that there is a dependent of λ on the tube radius and helicity. This is in contrast to the result presented in Ref. [13] , which has E b = C( 1 ρ 2 + 1 2R 2 ), so λ = C/2 is a constant. Fig. 3(b) and Fig. 3(c) give the occupied electrons energy in the top-valent bands ( mainly π bands ) and in another valent bands ( mainly σ bands) as a function of R, respectively.
It is remarkable that the σ electron energy decreases as the bending curvature increases.
Those phenomena result from the existence of the hopping fluctuation induced by the broken rotational symmetry in the curved SWNT [24] . Similar to the dimerization of ployacetylenes, the electron energy can be lowered since the electronic properties are modified by the hopping fluctuation.
By CET, we can calculate the Young's modulus Y of SWNT from strain energies E s , E b and E c , where E c is the compressing or stretching strain energy of SWNT. Y · b is dependent on E c , where b is the thickness of tube wall. However, the thickness is not well defined in single-layer structure, so in recent studies [14] [15] [16] , the obtained Y by different authors are quite different, although their calculated Y · b are nearly the same as that of graphite, 3.60
TPaÅ. For comparing the measured values in graphites or multiwall nanotubules [25] , Lu [15] and Hernandez et al. [16] take the interwall distance of graphite (3.4Å) as the thickness, and hence give an average value of Y about 1 TPa. Simultaneously using two relations of CET about E s and E c , Yakobson et al. [14] give the values of both Y and b. They gave that b is 0.66Å, the π orbital extension of carbon atom. Since elasticity can be merely result from electronic overlap between atoms, the thickness should be not larger than the diameter of a carbon atom. Following Yakobson, using our calculated E s , we estimate b to be about 0.95Å. However, since the E s is actually the strain energy of rolling a graphite sheet, from CET, we think that these results are for graphenes rather than for tubes.
We can obtain the Young's moduli of SWNT from the bending energy E b [25, 26] . CET gives a relation, E b = 1 2 Y · I 1 R 2 , where I is the moment of inertia of the cross-section of SWNT. We have λ = 1 4 Y · b(ρ 2 + b 2 /4), where ρ is the radius of SWNT. By calculating values of λ in different tubes, we wish to give simultaneously the Y and b. Fig. 3(d) shows our data are very well consistent with the relation in both (n, 0) and (n, n) tubes. But the obtained Y · b in (n,0) and (n, n) tubes are only 0.133 and 0.127TPaÅ, respectively, far smaller than the previous calculation from the compressing strain energy E c , and worse, the obtained b 2 in (n, n) tubes is negative! The reason is that the σ-electron energy decreases while bending SWNT, which implies the real deformation of the wall in curved SWNT may be different from that predicted by CET. Therefore, we think the continuum assumption of CET is not directly applicable to the single-layer structure. However, the strain energy is useful to depict the stiffness of SWNT and graphite sheet. For clarification, it is necessary to calculate, simulate and measure the strain energy of different deformations of SWNT.
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